ABSTRACT Chicken is considered to be an excellent model for genetic studies of phenotypic and genomic evolution, with large effective population size, specialized commercial lines, and strong human-driven selection. High-density chicken SNP chips can help to achieve a better understanding of the selection mechanisms in artificially selected populations. We performed the genome-wide tests for the selection signature in 385 White Leghorn hens and mapped positively selected regions to the genome annotations. Ten QTL related to egg production, egg quality, growth, and disease resistance traits were selected for extended haplotype homozygosity tests to give a brief overview of recent selection signatures in chicken QTL. We also reported 185 candidate genes/CDSs showing top P-values and slower decay of haplotype homozygosities. Some of these genes seemed to have significant effects on important economical traits, and most of them have not been reported in chickens. The current study provides a genome-wide map of linkage disequilibrium extents and distributions and selection footprints in the chicken genome. A panel of genes, including PRL, NCKX1, NRF1, LHX2, and SFRP1 associated with egg production, metabolism traits, and response to illumination were identified. In addition, there were more genes identified that have not yet been reported in chickens, and our results provide new clues for further study.
INTRODUCTION
A major goal in evolutionary biology is to describe and understand the genetic basis of how diversities arise within populations and organisms adapt to their environments (Pritchard and Di Rienzo, 2010) . The recent history of the domestic chicken is characterized by great changes of rearing environment, disease prevention/control strategies, and intensive human-driven selection (Rubin et al., 2010) . Thus, the last 100 yr is the most interesting time in the history of poultry evolutionary biology, and many important genetic adaptations to a new environment, the farm, and disease resistances have evolved during this period. The chicken has served as an excellent model for genetic studies of phenotypic and genomic evolution by their large effective population size, specialized commercial lines, and strong human-driven selection (Rubin et al., 2010) . It is also a very important agriculture animal.
Identifying the genetic changes underlying these morphological changes provides new insight into understanding of the basis of morphological evolution (Pritchard and Di Rienzo, 2010) . Linkage disequilibrium (LD) refers to the nonrandom association of alleles at different sites. The extent and distribution of LD in chickens is a topic of great current interest (ICGSC, 2004) . Studies of LD may enable us to learn more about the evolution history of populations. According to the natural selection theory, novel advantageous alleles under positive selection will increase in prevalence, and the LD in the vicinity of this locus will be degraded relatively slowly so that the surrounding conserved haplotype is long. For a neutral mutation, it will take many generations until the allele is fixed or lost, and the LD will be degraded relatively rapidly through recombination, hence the relatively short surrounding conserved haplotype (Nielsen, 2005; Sabeti et al., 2006) . Based on the above theory of selective sweep, Sabeti et al. (2002) proposed the concepts, extended haplotype homozygosity (EHH) and relatively extended haplotype homozygosity (REHH) for the detection of recent selection (Sabeti et al., 2002) .
The EHH test has received considerable attention among human genetics and domestic animals because it is particularly useful for SNP data (Tang et al., 2007) . By using 50-K SNP chips, Qanbari et al. (2010a) demonstrated a genome-wide map of selection footprints in the Holstein genome and reported that several genes and QTL might be related to milk yield and composition as well as reproductive and behavioral traits. The resequencing of chicken genome using pooled genomic DNA was conducted, and several genes associated with growth, appetite, and metabolic regulation were reported (Rubin et al., 2010) . Their work casts light on the genetic basis of domestication and encouraged us to conduct in-depth studies in a larger population.
In our previous study, high-density SNP chips were employed in a genome-wide association study to reveal several loci associated with egg production and quality traits in dwarf and White Leghorn chickens (Liu et al., 2011) . In this study, the genotyping data of White Leghorn hens was used for detecting the extents and distributions of LD and scanning the genome for positions that may have been targets of recent positive selection.
MATERIALS AND METHODS

Bird Resource and Genotyping
A line White Leghorn (WL) chickens, originated from a commercial population, has been maintained and selected mainly for egg production in the experimental station of China Agricultural University for more than 10 yr. These birds were kept in individual cages for daily recording of egg production from 21 to 56 wk of age, and egg quality traits were measured individually at 40 and 60 wk of age (Liu et al., 2011) . A total of 385 WL hens from 20 families was employed as the experimental population for the current study.
All genomic DNA samples were extracted from blood by using standard phenol-chloroform extraction. The DNA quality was estimated by 1% agarose gel electrophoresis and by calculating absorbance ratio optical density, OD 260nm /OD 280nm . All the samples were checked for quality and then a genome-wide SNP genotyping using 60 K SNP Illumina iSelect chicken array (Groenen et al., 2011) was performed by DNA LandMarks Inc. (Quebec, Canada) . This microarray contains probes for 57,636 SNP, distributed across 29 autosomes (GGA1 to 28 and GGA32), 2 linkage groups (E22C19W28_E50C23 and E64), and 2 sex chromosomes.
Quality Control and Missing Genotypes Estimation
A total of 385 DNA samples was selected for genotyping, and the genotyping data was analyzed through the software package PLINK (Purcell et al., 2007) , with missing rate per individual <0.1, minor allele frequency (MAF) >0.01, and missing rate per SNP <0.1. The P-values for Hardy-Weinberg equilibrium tests were greater than 1.00E-06. Fully phased haplotype data were required for further analysis. After the quality control process, haplotypes for every chromosome using default parameters in fastPHASE (Scheet and Stephens, 2006) were reconstructed.
Detection of Selection Signatures and Gene Annotation
For the EHH test, the default parameters were implemented by Sweep v.1.1 (Sabeti et al., 2002) . The program was set to select core regions with between 3 and 20 SNP. As reported by the ICGSC (2004), the recombination rate varies in a range of 2.8 to 6.4 cM/Mb among chicken chromosomes. So we chose the distance of 300 kb as the matched distance to determine the REHH value for each core region and evaluated how LD decays across the genome. The EHH is defined as "the probability that two randomly chosen chromosomes carrying a tested core haplotype are homozygous at all SNPs for the entire interval from the core region to the distance x." To account for factors such as variability of recombination, Sabeti et al. (2002) proposed the concept of REHH, "the ratio of the EHH on the tested core haplotype compared with the EHH of the grouped set of core haplotypes at the region not including the core haplotype tested." According to the natural selection theory, regions under positive selection have frequent alleles, embedded in a long range LD background (Qanbari et al., 2010b) . Accordingly, we chose the haplotype frequency >25%, REHH values greater than 1, and the P-value of REHH test <0.05/0.01 as criteria to identify the significant core haplotype. Genome Assembly/Annotation Projects database was used for mapping positively selected regions to genome annotations (ftp:// ftp.ncbi.nih.gov/genomes/Gallus_gallus/mapview/, based on Build 2.1).
RESULTS
Markers and Core Haplotype Statistics
We genotyped 57,636 markers by using 60 K SNP Illumina iSelect chicken array, and a total of 37,518 (65.09%) markers and 372 individuals passed the quality control. Most of the markers from GGA32, E64, E22, W, and Z were discarded after quality control, and the EHH test was applicable to all bi-allelic loci of diploid species, so only 36,949 (65.74%) markers with average intervals of 26 kb distributed across 28 autosomal chromosomes (GGA1 to GGA28) were included in further analysis. Table 1 gives a summary description of genome-wide marker distribution.
A total of 25,760 SNP (69.72%) participated in forming core regions (Table 1) , and more than half of the core regions were in a range of 3 to 4 SNP ( Figure 1 ).There were 672 (63.83%) and 68 (28.66%) SNP distributed in different core regions on GGA15 and GGA25, respectively. These chromosomes were the highest and lowest proportion of total core region lengths on chromosome length. Overall, 3,741 core regions spanning 521.78 Mb (54.52%) of the genome were detected (Table 1) . Mean core region length was estimated at 105.01 ± 133.29 kb, with a maximum of 2,701.45 kb (GGA7) and minimum of 36.34kb (GGA16). The GGA1 had the greatest number of core regions. Figure 2 presents the distributions of length of core regions.
Core Regions in Candidate QTL
To get a brief overview of recent selection signatures in chicken QTL, we selected 10 QTL related to egg production, egg quality, growth, and disease resistance traits from previous reports (chicken QTL database, http://www.animalgenome.org/cgi-bin/QTLdb/GG/ index) to perform the EHH test. The proportion of length covered by core regions versus QTL length and the lowest P-value of EHH test of core regions distributed in a QTL are given in Table 2 . The number of core regions spanning these QTL varied with a range of 1 to 54, and the proportion of length covered by core regions exceeded 73%. In the case of the QTL related to carcass weight (McElroy et al., 2006) , the core region reached a length of 2,136 kb and covered the whole QTL region. The results of EHH tests on QTL associated with eggshell color, egg weight, and egg production rate showed significant/suggestive P-values. As shown in Table 2 , the highest REHH values of core haplotypes in each QTL were calculated.
Whole-Genome EHH Test
To detect core haplotypes in chicken genome, we calculated EHH at 300-kb distance from a core for all the possible cores present to both the upstream and downstream sides, and a total of 15,060 EHH tests with an average of 24 tests per core region were calculated. Figure 3 gives a distribution map of the -log 10 (P-value) of REHH values against the chromosomal positions. The results of whole-genome EHH tests were filtered with a criterion of core haplotype frequency >0.25, REHH >1, and the P-value of REHH <0.05/0.01 for finding the outlying core haplotypes. In 15,060 tests, 624 and 116 tests displayed outlying peaks on a threshold level of 0.05 and 0.01, respectively. As shown in Table 3 , core haplotypes under positive selection were mainly distributed in GGA 1 to 4.
Gene Annotations
To assess the influence of positive selection on a particular coding region, corresponding genes/ESTs harboring core haplotype with REHH P-value <0.01 were identified by aligning the core positions to the chicken genome sequence (Build 2.1). Table 4 shows a description of genes reported previously in human or chicken, and all the185 identified genes are given in Supplementary Table 1 (Available at http://www.ps.fass.org).
On GGA20, a core region harboring 2 genes, the eyes absent homolog 2 (EYA2) and solute carrier family 2, member 10 (SLC2A10), showed a strong signature of selection (REHH = 7.45, P-value = 0.00095). The EYA2 homolog was first identified in Drosophila (Bonini et al., 1993) and played an essential role in cell proliferation, differentiation, and death during organogenesis (Zhang et al., 2005) . In the chicken, EYA2 was isolated from 14-d embryonic chicken lenses, showing a dynamic expression pattern in different tissues of diverse embryological origin (Mishima and Tomarev, 1998) . Prolactin (PRL) was located on GGA 2 (REHH = 3.09, P-value = 0.00423), involved in maintaining the broody behavior and egg production (Buntin, 1996) . The LIM homeobox 2 (LHX2, REHH = 4.64, P-value = 0.00893) was located on GGA17. Secreted frizzled-related protein 1 (SFRP1, REHH = 6.15, P-value = 0.00123) was located on GGA22. The LHX2 and SFRP1 were involved in Wnt signaling pathway, a network best known in embryogenesis and cancer (Lie et 
DISCUSSION
The first assembly of the chicken genome sequence was published in 2004, which opened an entirely new way to understand the genetic basis of recent evolution in the chicken genome. Large-scale SNP data sets in the chicken genome increase the marker density and achieve a better understanding of the selection mechanisms in artificially selected populations (Qanbari et al., 2010a) . Benefiting from recently established Illumina 60 K chicken SNP chips, we detected the extent of LD and scanned the genome for positions that may have been targets of recent positive selection in the White Leghorn population.
The Extent and Distribution of LD in Chicken Genome
Linkage disequilibrium analysis is a powerful tool for fine mapping of genes/loci responsible for economic/ disease-related traits and to perform genome-based selection (Meuwissen et al., 2001 ). As we know, the extent and distribution of LD is highly variable in different chromosome regions and populations and is a great topic of current interest. The comparison of the physical distance along each chicken chromosome with the genetic distance between markers reveals that recombination rates have a strong negative association with chromosome length (ICGSC, 2004) . In this study, the mean length of core haplotypes varies over a 4-fold range among chromosomes (30 kb to 134 kb) and has a strong negative association with chromosome length. The longest LD block is located in GGA7 (2,701 kb), more than 80-fold of the length compared with the shortest one (36 kb), located in GGA16. Andreescu et al. (2007) used genotype data with 959 and 398 SNP on GGA1 and 4 to investigate the extent of LD in 9 commercial broiler breeding lines and found that LD measured by r 2 extended over a very short distance (<1 cM; Andreescu et al., 2007) . Aerts et al. (2007) demonstrated that the extent of LD was very different between GGA10 (15 kb) and GGA28 (4 cM) in breed Nutreco E3 (Aerts et al., 2007) . Even the mean length of core haplotypes varied dramatically in physical length, when we convert the measurements of kb to cM, consistent with the results reported by Abasht et al. (2009) and Aerts et al. (2007) ; the difference in LD between chromosomes was not found (Andreescu et al., 2007; Abasht et al., 2009) . Due to the different density of SNP markers, our results shows that the mean distance of LD blocks on GGA1, 4, 10, and 28 is 134 kb, 125 kb, 81 kb, and 33 kb, respectively. Rao et al. (2008) selected 36 SNP in a region of 200 kb on GGA1 and investigated the LD pattern in Red Jungle Fowl (RJF) and 2 domestic chicken populations. They found that the extent of LD in this region was about 150 kb (0.4 cM; Rao et al., 2008) . Qanbari et al. (2010a) reported a comprehensive LD map using high-density SNP chips. Their result showed very different LD extent patterns between commercial white and brown layers. In white layers, a short pairwise distance (<25 kb) r 2 = 0.73 ± 0.36 was observed and the r 2 dropped to 0.60 ± 0.38 with distances of 75 to 120 kb (Qanbari et al., 2010a) . But in brown layers, the r 2 dropped to 0.21 ± 0.26 within 100 kb. In the current study, 38,655 valid SNP with average intervals of 26 kb were used to investigate the LD pattern. Similar to the previous study, a mean value of LD block size of around 105 kb was observed. Wragg et al. (2012) reported the genome-wide structure of traditional and domestic village chickens and indicated a median haplotype block size of 11 to 12 kb (Wragg et al., 2012) . We are more inclined to believe that the median block size represents the ancestral haplotype blocks. In WL, a commercial layer line, the LD in the vicinity of alleles under strong positive selection will be degraded relatively slowly and showing a long haplotype block, however, in a Chinese domestic chicken line, Dongxiang Blueshelled Layers, the mean length of LD block is 50 kb (unpublished data).
Core Regions in Candidate QTL
Quantitative trait loci provide a way to associate segments of genome locations with quantitative traits in chicken. To date, more than 3,162 QTL representing 270 different traits have been reported in 158 publications (Hu et al., 2010) . Ten QTL, well-reported to be related to egg production, egg quality, growth, and disease resistance traits, were selected from the chicken QTL database to examine the validity of EHH analysis and a brief overview of recent selection signatures in chicken QTL was obtained. As shown in Table 2 , the mean proportion of length covered by core regions ver- 91  17  15  311  10  3  2  1,804  65  11  16  3  0  0  3  1,420  75  15  17  254  27  8  4  1,268  45  5  18  272  9  2  5  786  43  10  19  320  13  1  6  662  20  4  20  446  21  3  7  569  21  3  21  301  16  3  8  523  19  4  22  66  5  1  9  427  25  6  23  190  7  3  10  494  30  5  24  248  12  2  11  391  12  2  25  31  1  0  12  422  11  0  26  236  10  0 sus QTL length exceeded 73%, much higher than that of genome average level (55%). The results of EHH tests on QTL showed a relatively high mean value of REHH (2.75). All the evidence suggests that these QTL have been or are undergoing positive selection.
Gene Annotations
Whole-genome screen for positively selected regions were conducted, and for the purpose of assessing the influence of positive selection on genes/CDSs, we aligned core regions to the chicken genome sequence. A total of 186 genes/CDSs were identified, which are not only associated with egg production traits but also with growth traits. A polypeptide hormone secreted by the anterior pituitary gland, PRL, was isolated from pituitaries of chickens (Scanes et al., 1975) . It has been well-reported to be an indicator of broodiness and plays a crucial role in egg production (Buntin, 1996; Sharp, 1997) . In addition to the wide influence on reproductive behavior, PRL has been shown to have a diverse spectrum of biological activities and functions in birds (Denbow, 1986; Skwarlo-Sonta et al., 1987; Edens, 2011) . The EYA2 gene, an important gene in cell proliferation, differentiation, and death during organogenesis, showed a dynamic expression pattern in different tissues of diverse embryological origin (Bonini et al., 1993) . The NCKX1 gene product is found in retinal rod photoreceptors, and the physiological role of NCKX proteins in retinal rod and cone photoreceptors is extruding Ca 2+ in the dark and increasing the activity of guanylylcyclase via lowering the cytosolic Ca 2+ . The NCKX proteins are important for the process of light adaptation and recovery from previous illumination (Fain et al., 2001 ). This parallels the result reported by Rubin et al. (2010) . In their study, thyroid stimulating hormone receptor (TSHR), a gene having a pivotal role in metabolic regulation and photoperiod control of reproduction in vertebrates, was identified under most striking selective sweeps (Rubin et al., 2010) . Nuclear respiratory factor 1 (NRF1) encodes a protein that activates the expression of some key metabolic genes regulating signaling pathways required for respiration and heme biosynthesis (Chen et al., 1997; Qu et al., 2011) . The LHX2 and SFRP1 genes were involved in the Wnt signaling pathway, and DNA polymerase gama (POLG) was associated with alpers syndrome in human (Nguyen et al., 2005; Meng et al., 2011; Peukert et al., 2011) .
Within the most recent century, chickens have been intensively selected for egg laying and meat production. The poultry farming methods are changed dramatically, so it is not surprising that genes identified are related to egg production, metabolism, and response to illumination, showing the signatures of recent selection. In our previous study, 8 SNP showing genome-wise significant association with egg production and quality traits were revealed. Some significant SNP were located in genes, including GRB14 and GALNT1, which can affect development and function of ovary. Three Table 4 . Description of partial genes identified by relatively extended haplotype homozygosity (REHH) with P < 0.01 SNP, rs13968878, rs13978498, and GGaluGA059301, were located at a mean distance of 270 kb from nearest core regions (REHH > 2, P-value <0.05). These results give us confidence to conduct further in-depth study. Although 185 genes were identified and some of these genes were reported before, a greater number have not yet been studied in the chicken. Traditional QTL mapping always gives researchers a low-resolution map, so it is difficult to identify QTG or QTN underlying a particular phenotype. The mean length of core regions detected by EHH test is no more than 250 kb, a distance enough for us to locate single candidate genes.
Although EHH test builds a bridge across the barrier between QTL and QTG, the identification of causal mutation is still difficult. Additional studies, especially those on the transcript level and getting the whole sequence of candidate gene, are needed to figure out the principle of phenotype traits.
Considering that the strategy of EHH test may lack sensitivity for identifying lower-frequency selected alleles (Grossman et al., 2010) , we focus on the high-frequency functional genes (haplotype frequency >25%). Because the significant core regions identified were large and contained many genes, we set the filtering criteria of REHH values greater than 1. These settings may decrease the power of the EHH test; on the other hand, it will help to minimize the possibility of false positives and give more reliable results. To make full use of these genes identified, further studies using the bioinformatics method, especially gene ontology analysis, will be needed. In addition, a denser chip especially with an increased number of SNP on GGA16, a very important chromosome in disease resistance in poultry, and comparative studies between different populations would allow a more reliable and comprehensive understanding on the footprint of selection.
In conclusion, the current study presented a genomewide map of LD extent and distribution and selection footprints in the chicken genome. The EHH test on 10 QTL related to egg production, egg quality, growth, and disease resistance traits provided a brief overview of recent selection signatures in chicken QTL. And 185 candidate genes/CDSs with top P-values and a slower decay of haplotype homozygosity were also reported. A panel of genes, including PRL, NCKX1, NRF1, LHX2, and SFRP1, seemed to have significant effects on economically important traits in the field of poultry production. Additional studies, especially the comparisons of different populations, are needed to confirm and refine our results.
